The two-phase flow behaviour in porous media is determined on the basis of capillary pressure-saturation-relative 9 permeability relationships (P c -S-K r ). These relationships are highly non-linear and obtained by laboratory 10 experiments on porous samples, typically around 10-12cm in length. It is normally assumed that these samples are 11 homogenous; however it is well known that this is in fact not the case and that even at this scale micro-scale 12 heterogeneities exist. Two-phase flow experiments on soils with different properties (e.g., particle and pore size 13 distribution, permeabilities, etc) result in different P c -S relationships. These cause non-uniqueness in the P c -S 14 curves. Recent work has shown that the presence of these micro-heterogeneities has a significant effect on the 15 measured P c -S-K r relationships and they also cause non-uniqueness in these relationships. In the previous work in 16 this area, the micro-heterogeneity effects on the P c -S-K r relationships have been analysed in a number of contexts, 17 e.g., uniformly distributed heterogeneities (simplified cases), various binary sand combinations, hydraulic 18 parameters (e.g., entry pressure, permeability), boundary conditions, etc. There is also some evidence that the 19 intensity and distribution of the micro-heterogeneities affect the P c -S-K r relationships. In the present work we use 20 numerical simulations to investigate further the nature of these effects, in particular how the interplay between the 21 intensity and random distribution of micro-heterogeneities affects the P c -S-K r relationships. Seven randomly 22 heterogeneous patterns have been defined. These domains represent coarse sand media with fine sand blocks 23 embedded in them. The domain size has been chosen (12 cm × 12 cm) so that it represents a typical laboratory 24 scale device. The results of the simulations show that it is particularly important to take into account both the 25 intensity and distribution of heterogeneity when determining the effective P c -S-K r relationships of a sample. This is 26 in contrast to the results of domains with uniformly distributed heterogeneities. We have found that in general if 27 the intensity of heterogeneity is high; the irreducible wetting phase saturation ( iw S ) of the sample is also high. The 28 direction of flow and the orientation of the samples also have significant effects. For example, the injection of an 29 immiscible phase from the top (vertically downward) of water saturated porous domain leads to a lower iw S than 30 injecting on horizontal plane. On the other hand, injection from the bottom (vertically upwards) leads to a higher 31 iw S . As expected, the distribution of heterogeneity has a significant effect on the saturation distribution and the 32 shape of the P c -S-K r curves. However, we show that if the heterogeneities are distributed in such a way that they 33 are closer to the boundary of injection, the irreducible wetting phase saturation is higher. 34 35 KEYWORDS: Non-aqueous phase liquid (NAPL), porous media, micro-heterogeneity, multi-phase flow, 36 upscaling, P c -S-K r relationships 37 * Author for Correspondence (Diganta.Das@eng.ox.ac.uk) 38 39 1. Introduction 40 Non-aqueous phase liquids (NAPLs) have been widely manufactured and/or used in various chemical 41 process industries (CPI). These NAPLs include hazardous organic compounds, such as solvents, chlorinated 42 and fluorinated hydrocarbons, transformer oils and others. Accidental spills and leakage of these chemicals 43 from various sources (e.g., underground storage tanks) in the hydro-environmental systems pose a serious 44 long-term threat to the environment. This is primarily because (a) the NAPLs have very low solubility in 45 water and hence, remains as a separate phase (b) chemical decomposition of NAPLs is extremely slow and 46 they may take hundreds of years for natural disappearance (c) they are highly mobile and can contaminate 47 below the water table which is generally the source of drinking water. While the NAPL contamination 48 continues to persist as a problem in the industrialized nations, this type of contamination has received little 49 attention in the developing world (www.iwahq.org.uk/template.cfm?name=sg49). As lesser developed 50 nations continue their progress towards industrialization, it is feared that the similar problems that have been 51 encountered in the USA and Europe in the last couple of decades will appear in the developing world. To 52 predict the flow of NAPL in the subsurface, assess the amount of entrapped NAPL volume and to design 53 accurate subsurface remediation techniques, it is therefore necessary to enhance our understanding and 54 improve the description of the immiscible two-phase flow behaviour (i.e., water and NAPL in this case) in 55 porous media. 56 57 The density of the NAPLs has a decisive influence on their flow behaviour. Therefore, the NAPLs are 58 grouped into two classes: (i) LNAPLs (light NAPLs) which have a density less than that of water and, hence 59 float and mostly remain on top of the water table and, (ii) DNAPLs (dense NAPLs) which are denser than 60 water and, thus can penetrate the water table and move deeper into the aquifer system. The viscosities of the 61 NAPLs also play a role in determining the flow behaviour. In general, LNAPLs have a viscosity higher than 62 that of water. On the other hand, DNAPLs are generally less viscous than water. 63 64
(1) 179 In equation (1), the subscripts 'w' and 'nw' are the wetting (water) and non-wetting (DNAPL) fluid phases, 180 respectively; q is fluid flow velocity [LT -1 ], K r is relative permeability [-] , k is intrinsic permeability tensor of 181 porous media [L 2 ], µ is fluid viscosity [ML -1 T -1 ] and P is average pore pressure [ML -1 T -2 ] of fluid.
183
The conservation of mass in the two-phase flow system is governed by the following form of continuity 
The capillary pressure-saturation (P c -S) relationships are given by the Brooks-Corey formulations (Brooks 190 and Corey, 1964), 
where S ew is the effective saturation [-] of the wetting phase, P d is entry pressure [ML -1 T -2 ] of the medium, λ 195 is a pore size distribution index [-] and S rw is irreducible wetting phase saturation [-] . 196 197 In order to calculate the relative permeabilities of the porous samples to the wetting (K rw ) and non-wetting The governing equations are solved using the code STOMP (Subsurface Transport Over Multiple Phases). 203 This simulator has been specifically designed for the use in the modelling of multiphase flow in porous 204 media and has been used for a wide variety of research (White et. al., 1995; Oostrom et. al., 1997; Oostrom 205 and Lenhard, 1998; Ataie-Ashtiani et. al, 2001 , 2002 Oostrom and White, 2003; Das et al., 2004; Wipfler et. 206 al., 2004) . The spatial discretisation of the governing equations in STOMP is done based on the standard 207 finite volume method, FVM (Pantakar, 1980; Versteeg and Malalasekera, 1995) . The non-linear equations 208 derived through the FVM discretisation are reduced to linear equations using the Newton-Raphson iterative 209 method for multiple variables. The temporal discretisation is based on the well-known implicit time stepping 210 method. The validity and utility of the code for the kind of problems in this work have been shown by 211 previous studies (Ataie-Ashtiani et. al., 2001; Das et. al., 2004; Wipfler et. al., 2004) and are not discussed in 212 this paper. (P nw -P w ) is chosen to be the same at both injection and drainage faces. The imposed capillary pressure is 245 varied by changing P nw as described in detail below.
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The pressure of the DNAPL is initially zero everywhere in the domain, apart from the boundary of injection 248 where it is equal to the pressure of the wetting phase. This yields a capillary pressure (P c ) equal to zero at the 249 boundary initially. Then, the pressure of the non-wetting phase is gradually increased, whilst the pressure of 250 the wetting phase is kept constant. This leads to an increase in P c at the boundary of injection. Once P c 251 reaches the entry pressure (P d ) for the background medium (370 Pa for coarse sand in this case, 
4 Convergence of numerical results

265
The numerical grid used in our simulations involves a uniform non-staggered mesh consisting of 48×48 266 square cells of size 2.5 mm×2.5 mm. The convergence of the numerical solution is achieved based on a 267 maximum Newton iteration of either 16 or 32, depending on the complexity of the domain type and a 268 maximum tolerance limit of 10 -6 . However, the convergence of the results has been also checked through 269 mesh refinement. Ideally, this test should be carried out using a grid with infinitesimal small nodal spacing 270 and comparing the results from the chosen and refined meshes. However, this has been found almost 271 impossible in our case since the patterns (Figure 1 ) contain random heterogeneities and the computational 272 time increases prohibitively when the normal mesh is refined more than four fold. In this work, the grid size 273 is changed four fold for the convergence test. This is done by keeping the domain size constant (12 cm × 12 274 cm) but increasing the number of cells to a desired level. The refined mesh chosen for the test involves 275 96×96 square cells of size 1.25 mm × 1.25 mm. The results show negligible difference between P c -S curves 276 from the two meshes. The maximum percentage difference of ~1.5% is found between the P c -S curves. The
277
test ensures that the numerical results presented in this paper are, in general, independent of the grid used.
278
This also gives confidence that the accuracy of the numerical results is not a major concern in this work. 
Effects of intensity and random distribution of heterogeneity on effective P c -S relationships 282
Although it is accepted that micro-heterogeneity affects two-phase flow properties in porous media, there is a 283 lack of systematic analyses for the relationships between intensity and distribution of heterogeneities and, 284 effective P c -S-K r curves. In this section, we seek to explain, in a quantifiable manner, how the intensity and 285 distribution of heterogeneity in porous media cause non-uniqueness in these relationships. For this purpose 286 the P c -S curves for the seven domains in Figure 1 have been used. 365 In this section, we compare the effects of uniformly and randomly distributed micro-heterogeneities 366 on S P c − curves in an attempt to demonstrate the implications of heterogeneity distributions more 367 conclusively. Figure 8 displays two domains, HP1 and C4, with uniformly distributed micro-heterogeneities. 368 These domains have been adopted from Das et. al. (2004) where the authors have used them for analysing 369 PCE flow with no gravity effects. We compare the S P c − curves of these blocks with those obtained for 370 PCE flow in the random heterogeneity patterns R1, R2N, R5N and R6N in the horizontal directions ( Figure   371 9). The P c -S curve for the background coarse sand is also included. We ignore the effects of gravity in all 372 domains in order to synthesise the effects of distribution of heterogeneities more conclusively. The comparison clearly indicates that the inclusion of random micro-heterogeneities results in higher iw S and 374 different capillary pressure curves.
Comparison of effective P c -S relationships for uniformly and randomly distributed heterogeneity
376
The results in Figure 9 further show that the non-uniqueness in S P c − curves is caused by not only the 377 presence of micro-heterogeneities but also the way these heterogeneities are distributed in the domain. HP1 378 and C4 have the same intensity of heterogeneity (0.25) but they result in different curves and iw S . This is 379 because they contain different distributions of micro-heterogeneity. The R1 pattern has a value of ω~0.2 that 380 is very close to those of both HP1 and C4. Pattern R2 has slightly lower intensity of heterogeneity ( 396 We have also looked at the effects of the orientation of a 2D heterogeneous porous domain on P c -S curves.
Effects of flow directions on effective P c -S relationships in randomly heterogeneous patterns
397
In general, the work in this area has dealt primarily with samples orientated in a horizontal plane (Ataie- Viscosity, µ (kgm -1 )
Surface Tension,σ (Nm -1 ) --0.072 0.035 
